Prepubertal rats display heightened hormonal stress reactivity compared with adults in that levels of ACTH and corticosterone take twice as long (i.e. 40-60 min) to return to baseline following an acute stressor. Despite this substantial change in stress responsiveness, and the critical nature of the adolescence period of development, the maturation of the hormonal stress response from the time of pubertal onset to adulthood has not been thoroughly investigated. To examine this, we measured ACTH, corticosterone, and testosterone in 30-, 40-, 50-, 60-, and 70-day-old (i.e. spanning pubertal and adolescent development) male rats before and after a 30 min session of restraint stress. We found that the adult-like ACTH stress response develops between 50 and 60 days of age, while the corticosterone response changes between 30 and 40 days of age. We also found that adrenal corticosterone concentrations paralleled the plasma corticosterone response following restraint, suggesting that stress-induced adrenal corticosterone synthesis decreases during adolescent development and may, at least in part, contribute to the differential stress response observed before and after puberty. Finally, stress leads to increases in testosterone secretion, but only after 50 days of age. Collectively, these results indicate that shifts in hormonal stress responses occur throughout adolescent maturation and that these responses show distinct developmental profiles.
Introduction
Shifts in neuroendocrine function are a hallmark of pubertal and adolescent development (Sisk & Foster 2004 , Spear 2010 . These changes allow an organism to successfully navigate the transition from a state of dependence on caregivers to a state of relative independence and sexual maturity (Spear 2010) . Though puberty and adolescence have some chronological overlap, puberty is a relatively discrete physiological event, signaling the onset of adolescence, associated with dramatic hormonal and somatic changes, while adolescence is a more general term used to indicate the more protracted transitional period between childhood and adulthood. Though the exact age span that covers these developmental stages in the rat is not precisely defined, animals between 30 and 70 days of age demonstrate the greatest changes in somatic, behavioral, physiological, and neurobiological parameters during the juvenile to adult transition, akin to those demonstrated by human and non-human primates (Ojeda & Urbanski 1994 , Spear 2000 , Sisk & Foster 2004 . Thus, basic animal models, such as the rat, provided an opportunity to study many of the fundamental physiological processes associated with these key life stages in an individual's development.
Recent research has drawn attention to the fact that pubertal and adolescent maturation in human and non-human animals is marked by changes in hormonal stress responsiveness that may have profound consequences for an organism's short-and long-term physiological and neurobehavioral function (reviewed in McCormick & Mathews (2007) , Dahl & Gunnar (2009 ), McCormick (2010 , and Romeo (2010a,b) ). These pubertal shifts in stress reactivity can be quite striking. For instance, following an acute physical or psychological stressor, prepubertal rats exhibit an ACTH and corticosterone (total and free) response that is twice as long (e.g. 40-60 min) as that exhibited by adults (Goldman et al. 1973 , Vazquez & Akil 1993 , Romeo et al. 2004a ,b, 2006a ,b, Doremus-Fitzwater et al. 2009 ). Despite being a critical transition in hypothalamic-pituitaryadrenal (HPA) axis development (McCormick & Mathews 2007 , McCormick 2010 , Romeo 2010a , the maturation of the hormonal stress response from the time of pubertal onset (w30 days of age) to adulthood (w70 days of age) has not been described. Moreover, it remains unclear what factors contribute to these changes in stress-induced hormone responses during pubertal and adolescent development.
In addition to pubertal-related shifts in ACTH and corticosterone secretion following stressors, prepubertal, and adult rats also display differential stress-induced changes in circulating gonadal hormone levels. Specifically, adult male rats show transient increases in plasma testosterone concentrations after exposure to a brief stressor (Siegel et al. 1981 , Amariro & Castellanos 1984 , Romeo et al. 2004a , while prepubertal males show either no change or a suppression of testosterone secretion (Gomez et al. 2002 , Romeo et al. 2004a . It is also important to note that in adulthood, gonadal hormones can modulate HPA reactivity (Handa et al. 1994 , Viau & Meaney 1996 , Viau 2002 , but that the gonadal hormones do not appear to mediate the prolonged stress responses observed in prepubertal animals (Romeo et al. 2004a,b) .
Studying the adolescent development of the hormonal stress response will not only contribute to our basic understanding of how this crucial life stage affects the functioning of key neuroendocrine and physiological systems but may also shed light on the stress-related vulnerabilities associated with puberty and adolescence (Spear 2000 , Andersen 2003 , Costello et al. 2003 , Dahl 2004 , Patton & Viner 2007 . In this context, our present set of experiments had three objectives. First, we measured stress-induced ACTH and corticosterone responses in rats throughout pubertal and adolescent development to determine when the transformation to an adult-like pattern of hormonal stress reactivity occurs. Secondly, in an effort to evaluate the contribution of the adrenal glands to these remarkable pubertal changes in hormonal stress reactivity, we assessed adrenal corticosterone concentrations in response to both pubertal development and stress. Finally, we investigated whether mid-adolescent and adult males show similar or different testosterone secretion patterns following exposure to an acute stressor. Our overarching hypothesis is that there will be gradual transitions in these stress-induced hormonal responses throughout adolescent development to the more mature and adult-like response.
Materials and Methods

Animals and housing
Male Sprague-Dawley rats (nZ110) were obtained from Charles River (Wilmington, MA, USA) at 21 days of age, housed two per cage in clear polycarbonate cages (45!25!20 cm) with wood chip bedding, and maintained on a 12 h light:12 h darkness schedule (lights on at 0900 h). All animals had access to food and water ad libitum, and the animal room was maintained at 21G2 8C. All procedures were carried out in accordance with the guidelines established by the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee (IACUC) of Columbia University.
Experimental design
To examine pubertal and adolescent changes in stressinduced hormonal responses, plasma ACTH, corticosterone, and testosterone levels, as well as adrenal corticosterone concentrations were measured in male rats at 30, 40, 50, 60, and 70 days of age. These ages approximately represent animals prior to, during, and after pubertal and adolescent maturation.
Animals were weighed and rapidly decapitated by a guillotine before (i.e. time 0) or after a 30 min session of restraint stress. Three time points following the restraint were examined: immediately (i.e. time 30) or 60 or 90 min after termination of the restraint (nZ4-6 per age and time point). Restraint was administered by placing animals in the prone position in wire mesh restrainers, sized so that animals at these different developmental stages were equally restrained. Animals in the 60 and 90 min groups were returned to their home cages until tissues were collected at the appropriate post-stress time point. All animals were killed between 1100 and 1300 h during their circadian nadir of ACTH and corticosterone release to minimize basal variations in these hormone levels (Romeo et al. 2006b ). Blood, pituitary, adrenals, and testes were obtained from each animal. Trunk blood samples were collected in Vacutainer K3 EDTA-coated tubes (Fisher Scientific, Pittsburgh, PA, USA), spun down at 4 8C in a refrigerated centrifuge, plasma removed, and stored at K20 8C until the RIAs were performed (see below). Adrenal glands were rapidly removed, cleaned of fat, snap frozen on powdered dry ice, and stored at K80 8C until they were prepared for determination of protein and corticosterone concentrations (see below). Testes were removed, cleaned of fat, and weighed to verify developmental stage.
RIA
ACTH, corticosterone, and testosterone assays were conducted using commercially available kits, and reagents were performed as indicated by the supplier. ACTH levels were determined with an ACTH 125 I Kit (DiaSorin, Inc., Stillwater, MN, USA) using the option A (overnight incubation) protocol. Corticosterone and testosterone levels were determined with Coat-A-Count 125 I RIA Kits (Siemens Medical Solutions Diagnostics, Malvern, PA, USA). For each assay, all samples were run in duplicate. The lower limits of detectability and intraassay coefficient of variations for each assay were as follows: ACTH, 6 . 02 pg/ml and 14 . 8%; corticosterone (plasma), 9 . 98 ng/ml and 7 . 4% and (adrenal) 10 . 66 ng/ml and 7 . 0%; and testosterone, 0 . 1 ng/ml and 6 . 4%.
Determination of adrenal corticosterone concentration
Adrenal protein and corticosterone concentrations were measured as described previously with slight modifications (Akana et al. 1992 , Ulrich-Lai & Engeland 2002 , Figueiredo et al. 2007 . Briefly, adrenal glands were weighed, homogenized in 20% ethanol in 0 . 9% saline, and centrifuged at 4000 g for 20 min. The supernatants were diluted 1:5 in the homogenization buffer and stored at K80 8C for later measurement of protein and corticosterone. The protein concentrations were determined by the bicinchonicic acid method (Pierce, Rockford, IL, USA), while corticosterone levels were measured via RIA as described earlier. Adrenal corticosterone concentrations are expressed as nanogram corticosterone per milligram protein. These levels represent non-corticosteroid-binding globulin (CBG)-bound corticosterone as CBG expression is minimal in the adrenal gland (Scrocchi et al. 1993) .
Statistical analyses
All data are presented as the meanGS.E.M. One-and two-way (age X time point) ANOVA were used for statistical analyses, while significant main effects and interactions were further analyzed with Tukey's honestly significant difference tests. Linear regression analyses were also conducted on the relationship between plasma corticosterone and ACTH levels at select ages and time points. Differences were considered significant when P!0 . 05. All statistical analyses were performed using the GraphPad Prism Software (version 5.04, La Jolla, CA, USA).
Results
Peripheral indexes of pubertal and adolescent development
As expected, there were significant main effects of age on body, paired testis, pituitary, and adrenal weights (F (4,78)Z558 . 2, 422 . 4, 46 . 2, and 66 . 0, respectively, P!0 . 05, Table 1 ).
More specifically, body and paired testis weights increased significantly at each of the five ages tested, while pituitary and adrenal weights increased significantly between 30 and 50 days of age, after which their weights increased, but at a slower rate (Table 1 ). These data confirm that male rats between 30 and 70 days of age are indeed at disparate stages of pubertal and adolescent development.
Plasma ACTH and corticosterone concentrations
There was a significant interaction of age and time on plasma ACTH levels (F (12,78)Z6 . 44, P!0 . 05). In particular, though animals at all ages showed significantly elevated ACTH levels immediately following termination of the stressor (i.e. 30 min time point), this post-stress increase in ACTH was highest in animals at 30, 40, and 50 days of age (Fig. 1A ). There were no other significant differences between the ages in plasma ACTH levels at the 0, 60, or 90 min time points.
For plasma corticosterone, there was also a significant interaction of age and time (F (12,78)Z8 . 90, P!0 . 05).
Similar to the ACTH data, animals at all ages displayed significant increases in corticosterone levels immediately following the stressor. However, 30-day-old animals had the highest stress-induced corticosterone levels at the 30 min time point and continued to demonstrate significantly higher levels at the 60 min time point compared with animals at all other ages (Fig. 1B) . Despite these age-dependent effects at the 30 and 60 min time points, all animals returned to baseline 90 min after termination of the stressor. As body and adrenal weights increase at different rates during these ages (see Table 1 ), we assessed whether a greater adrenal gland to body weight ratio (collapsed across stress time point) could in part account for the greater plasma corticosterone response in the 30-day-old animals. However, post hoc tests after the one-way ANOVA (F (4,97)Z62 . 77, P!0 . 05) revealed that the adrenal gland to body weight ratio significantly decreased in animals at each of the ages between 30 and 60 days of age (Fig. 2) . Therefore, it appears that the differential plasma corticosterone response exhibited by the 30-day-old animals, compared to the animals between 40 and 70 days of age, cannot be attributed simply to differences in their adrenal gland to body weight ratio.
It appears from these plasma ACTH and corticosterone data that there may be age-and time-dependent shifts in adrenal responsiveness to ACTH. Specifically, it seems that during the earlier stages of the response (i.e. 0-30 min), animals between 50 and 60 days of age show an increase in adrenal sensitivity, while later in the response (i.e. 60-90 min), the 30-day-old animals appear to show a greater sensitivity. To further investigate this possible relationship, we conducted linear regression analyses between plasma ACTH and corticosterone levels in animals at these select ages and time points (Fig. 3A and B) . As expected, there were significant positive correlations between the ACTH and corticosterone responses at these ages and time points ( Fig. 3A; importantly, however, in the early portion of the response (0-30 min), the 60-day regression line was significantly elevated compared to the 50-day line ( Fig. 3A ; P!0 . 05), while in the later portion of the response (60-90 min), the 30-day line was significantly elevated compared to the 40-day line ( Fig. 3B ; P!0 . 05). The significantly different slopes of these regression lines indicate that there may be age-and time-dependent shifts in adrenal sensitivity to ACTH.
Adrenal corticosterone concentrations
We assessed adrenal corticosterone content in an effort to further investigate possible intermediate mediators of the differential stress-induced plasma corticosterone response in these animals. A two-way ANOVA revealed a significant interaction between age and time on adrenal corticosterone concentrations (F (12,78)Z2 . 44, P!0 . 05) such that stress exposure increased adrenal corticosterone levels across the ages, but that this elevation was significantly greater, and more protracted, in the 30-day-old animals compared with all other age groups (Fig. 4) . Though there was a trend for 30-day-old animals to have higher basal levels of adrenal corticosterone, there were no significant differences between the ages at the 0 min time point.
Plasma testosterone concentrations
We also found age-dependent effects on the stress responsiveness of the gonadal axis in that we found a significant interaction between age and time on plasma testosterone concentration (F (12,78)Z3 . 68, P!0 . 05). More specifically, at the basal time point, 40-, 50-, and 60-day-old males had higher testosterone levels compared with 30-day-old males, while 70-day-old males had significantly higher testosterone concentrations compared with all other age groups. Plasma ACTH (pg/ml) Plasma ACTH (pg/ml) Figure 3 Correlational analyses of plasma corticosterone (ng/ml) and plasma ACTH (pg/ml) levels by re-plotting the individual data points from the plasma hormone analyses in Fig. 1 Furthermore, exposure to stress induced an increase in testosterone secretion in animals of 50, 60, and 70 days of age, but not at 30 or 40 days of age. Post hoc tests also revealed that this stress-induced increase in testosterone was significant at all post-stress time points for animals at both 50 and 60 days of age. However, in 70-day-old animals, stress did not lead to increases in plasma testosterone levels until 1 h after termination of the stressor, at which time they significantly exceeded the levels of the 50-and 60-day-old animals ( Fig. 5 ).
Discussion
These data clearly indicate pubertal and adolescent changes in the stress responsiveness of both the adrenal and the gonadal axes. Interestingly, in the context of the HPA axis, the age at which these changes occur depends on the node of the axis. For example, the shift in the stress-induced ACTH response occurs between 50 and 60 days of age, while the corticosterone response appears to mature earlier, between 30 and 40 days of age. Therefore, our results show that the stress responsiveness of the pituitary and adrenal glands may develop at different times or rates during this maturational stage. Moreover, the age-related changes in stress-induced testosterone secretion indicate that the effects of stress on other neuroendocrine axes, such as the HPG axis, are also dependent on pubertal development of the organism. Numerous studies, using a variety of acute physical and/or psychological stressors such as foot shock, ether inhalation, and restraint, have indicated that prepubertal rats (25-32 days of age) display heightened ACTH and prolonged corticosterone responses compared with adults (O65 days of age; Goldman et al. 1973 , Vazquez & Akil 1993 , Romeo et al. 2004a ,b, 2006a ,b, Doremus-Fitzwater et al. 2009 ). Our present data replicate and extend these findings in that we report that the transformation to the adult-like ACTH and corticosterone response is relatively abrupt, occurring between 50 and 60 days of age and 30 and 40 days of age respectively.
Closer inspection of the ACTH and corticosterone responses also suggests shifts in adrenal sensitivity to ACTH that is both age and time dependent. Specifically, it appears that adult males (i.e. 60 and 70 days of age) display a greater adrenal sensitivity to ACTH during the earlier portions of the response (i.e. 0-30 min) such that the ACTH response that was half that of the younger animals (i.e. 40 and 50 days of age) resulted in similar corticosterone responses across these ages. Conversely, 30 min after the stressor had been terminated, it appears that the prepubertal males (i.e. 30 days of age) show an increased adrenal sensitivity to ACTH in that ACTH levels are similar among the ages at the 60 min time point, but the prepubertal animals continue to mount a substantial corticosterone response. Though our regression analyses support this notion of age-and timedependent changes in adrenal responsiveness, future studies will need to directly assess these potential shifts in adrenal sensitivity by conducting ACTH dose-response curves in prepubertal and adult animals. Also, because our first blood samples were collected 30 min after the onset of the stressor, we are unable to determine any age-related differences in hormone secretion prior to this time point. As a previous study indicated that adult (65 days old) male rats demonstrate a greater corticosterone response than prepubertal (25 days old) males 15 min after the onset of a 3 min exposure to ether vapors (Vazquez & Akil 1993) , an experiment with sampling Figure 5 Mean (GS.E.M.) plasma testosterone concentrations in 30-, 40-, 50-, 60-, and 70-day-old male rats before or after a 30 min session of restraint stress (nZ4-6 per age and time point). *Indicates a significant difference from the 30-and 40-day-old animals at that time point, while points during the 30 min session of restraint may help shed light on any age-dependent associations between ACTH and corticosterone secretion during the earlier phases of the HPA response.
Our current data are in accordance with an earlier study that demonstrated that 40-day-old male rats under conditions of longer periods of restraint stress (i.e. 3 h) show a greater ACTH and slightly higher corticosterone response compared with 60-day-old males (Gomez et al. 2002) . Thus, it appears that these age-dependent hormonal responses occur whether the duration of the acute stressor is short or relatively longer. It will also be important to establish whether these adolescent-related changes in stress reactivity generalize across different stress paradigms, as a recent report indicated that prepubertal animals actually show an abbreviated hormonal stress response compared to adults in reaction to an immune stressor (Goble et al. 2011) .
Based on previous research on sex differences that suggested that the greater hormonal stress response demonstrated by adult female compared with adult male rats (Young 1998 ) may be, in part, mediated by the female's higher adrenal corticosterone concentrations (Chisari et al. 1995) , we investigated whether differences in adrenal corticosterone may contribute to our age-related differences in stress reactivity. Indeed, our data show that following stress exposure, prepubertal animals have a higher adrenal corticosterone concentration than mid-pubertal and adult animals, and thus, the extended stress-induced corticosterone response prior to puberty may be related to this difference. Despite the fact that our adrenal homogenates contain the adrenal cortex and the medulla, the size of the adrenal cortex significantly increases in a fairly linear fashion between 30 and 70 days of age (Pignatelli et al. 2006) , suggesting that our adrenal corticosterone data are not just an artifact of the corticosterone being diluted by growth restricted to the medulla. Regardless, future studies will need to assess changes in steroidogenic enzymes responsible for the production of corticosterone in the adrenal cortex, such as 11b-hydroxylase (Mellon et al. 1995 , Engeland et al. 1997 , as our data suggest, there may be a pubertal decline in these enzymes. Collectively, these data highlight the potential importance of the peripheral components of this neuroendocrine axis, such as the adrenal gland itself, in these age-related differences in responsiveness. It should be noted that other studies in adult rats have established the significance of higher adrenal corticosterone concentrations in the context of diurnal and chronic stress-induced changes in corticosterone secretion (Kaneko et al. 1981 , Ulrich-Lai et al. 2006a .
Though our data indicate substantial changes in hormonal stress reactivity during puberty and adolescence, the mechanism(s) that mediate these changes are presently unclear. These differences do not appear to be due to altered metabolism of plasma corticosterone at these ages (Schaprio et al. 1971 ) nor based on changes in CBG levels (Romeo et al. 2006a) . However, a previous study indicated that negative feedback on the prepubertal HPA axis following a stressor may be less than that on the adult (Goldman et al. 1973) , while others have shown greater post-stress activation of the paraventricular nucleus of the hypothalamus, the brain region integral in initiating this hormonal cascade, and in prepubertal compared to adult rats (Viau et al. 2005 , Romeo et al. 2006a . Thus, these reports point to at least a partial contribution of the central nervous system to these age-dependent changes in hormonal stress reactivity.
In addition to the differential ACTH and corticosterone responses, we found differences in stress-induced testosterone secretion between the ages; 50 days of age stress leads to an increase in testosterone secretion, while prior to 40 days it appears to suppress testosterone. Importantly, basal testosterone levels were similar in 40-and 50-day-old animals, so the lack of a post-stress testosterone 'surge' in the 40-day-old males cannot be solely attributed to the low levels of circulating testosterone at this age. Earlier studies in adult rats have indicated that acute stress leads to increases in GnRH (Lopez-Calderon et al. 1990 ) and LH (Euker et al. 1975 , Lopez-Calderon et al. 1990 ) secretion, which likely mediate the stress-induced increases in testosterone we observe in the more sexually mature males in this study (i.e. O50 days of age). Though it is currently unknown what mediates the lack of a stress effect on testosterone secretion in our relatively immature animals (i.e. !40 days of age), perhaps the greater testosterone-mediated negative feedback on the prepubertal HPG (Negro-Vilar et al. 1973 ) causes any transient stressinduced increase in testosterone secretion in younger animals to rapidly inhibit its further release. The factors responsible for the delayed testosterone response in 70-day-old animals are also unknown, but this pattern of testosterone release may aid in preserving the reproductive capacity of older adults under stressful conditions (Gomez et al. 2002) .
In conclusion, our results indicate that there are substantial shifts in hormonal stress reactivity throughout the adolescent stage of maturation and that the stress responsiveness of the pituitary, adrenals, and testes occur at different times during adolescence. With regard to the HPA axis, we found that the change in the ACTH response occurs between 50 and 60 days of age, while the corticosterone response transitions to its adult-like pattern between 30 and 40 days of age. As adrenal corticosterone concentrations parallel the stress-induced plasma corticosterone response, our data further suggest that the steroidogenic capacity of the adrenal gland may, at least in part, contribute to the differential stress response observed before and after puberty. Finally, the agerelated changes in testosterone secretion following an acute stressor highlight the fact that stress affects each neuroendocrine axis in distinct ways during the transition from puberty to adulthood.
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